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Abstract In this paper the Polarization Division Multiplexing system testing method is
presented. Presented method is based on simultaneous Polarization Mode Dispersion and
Polarization Dependent Loss effects generation. These effects are generated by means of
only one device that simulates the statistical nature of polarization effects of a real opti-
cal fiber link. The Polarization Division Multiplexing system is investigated by means of
Polarization Mode Dispersion/Polarization Dependent Loss emulator.
Keywords Birefringence · Polarization · Optical fiber · Polarization Mode Dispersion ·
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1 Introduction
Polarization effects due to interaction between Polarization Mode Dispersion (PMD) and
Polarization Dependent Loss (PDL) can significantly impair optical fiber transmission sys-
tems. When PMD and PDL are both present, they interact and should be studied together
(Palmer 2006). Emulating of statistical nature of PMD and PDL is one way to test and verify
new high bit rates transmission systems in the presence of PMD and PDL effects. Because of
this the statistical emulator (than deterministic one) is more adequate for Polarization Divi-
sion Multiplexing (PDM) transmission testing. Statistical polarization effect emulators should
accurately reproduce the statistics of the polarization effects that a signal would see on a real
link, as well as have good stability and repeatability (Palmer 2006; Lima 2001). The low
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Table 1 DGD and PDL values
















cost statistical PMD/PDL emulator was presented in Perlicki (2009). This emulator was
constructed by concatenating 15 highly birefringence optical fiber segments. In Perlicki
(2009) was shown that the designed emulator can mimic the polarization effects (PMD
and PDL) of a real modern optical fiber link. Here, impact of combination of PMD and
PDL effects on PDM transmission quality is investigated. The designed PMD/PDL emulator
(Perlicki 2009) is applied to emulating of statistical nature of PMD and PDL in fiber optics
links. In this paper I suggest that the proper PDM system testing should be based on simulta-
neous PMD and PDL effects generation. These effects should be generated by means of one
device that simulates the statistical nature of polarization effects of a real optical fiber link.
2 Statistical PMD and PDL effects emulator
Statistical PMD and PDL effects emulator was presented in Perlicki (2009). The emulator
was constructed by concatenating 15 highly birefringence optical fiber segments and ran-
domly varying the mode coupling between them, by rotating the polarization state between
them. Table 1 shows the DGD and PDL values for each birefringence segment. Figures 1 and
2 show the theoretical histograms of DGD and PDL, respectively. The theoretical frequency
autocorrelation function for PMD and PDL vectors are shown in Figs. 3 and 4 respectively.
This emulator was designed to have a mean DGD value of 40% of a bit time; the mean DGD
value is equal to 40 ps (Hauer et al. 2004) because the emulator was designed for testing of
10 Gbit/s Non Return Zero (NRZ) code system.
3 Impact of polarization effects on polarization division multiplexing transmission
3.1 Numerical simulation results
The impact of combination of PMD and PDL effects on PDM system quality was observed
through numerical simulations of PDM transmission via the designed statistical PMD and
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Fig. 1 Theoretical statistical distribution of DGD
Fig. 2 Theoretical statistical distribution of PDL
PDL effects emulator. The PMD and PDL influence was simulated by means of random cou-
pling between birefringence segments. The optical pulse propagation through our emulator











where: Mn,WP(ω) is the transfer matrix of n-th birefringence segment, Ax(ω, zn) and
Ay(ω, zn) are the amplitudes for the two polarization components (polarization channels)
at the input of n-th birefringence segment; in turn Ax(ω, zn+1) and Ay(ω, zn+1) are the
amplitudes for the two polarization components at the output of n-th birefringence segment.
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Fig. 3 Theoretical normalized frequency autocorrelation function for PMD
Fig. 4 Theoretical normalized frequency autocorrelation function for PDL
The transfer matrix of a single birefringence segment (MWP) can be written as:
MWP(ω) = MR(−θ) · MPDL · MPMD · MR(θ) (2)







where  is the angle between the so called “fast axis” and x-axis of the reference frame. The
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Fig. 5 Eye diagrams of demultiplexed PDM signals for different random settings of PMD/PDL emulator
(numerical results)
where ω is the angular frequency and τ is the DGD. In turn, the PDL element matrix MPDL







where α is defined as: PDL [dB] = 10 log(exp(2α)). Here the global attenuation is neglected.
Both polarization channels consisted of a 10 Gbit/s NRZ data streams with 29 − 1 Pseudo
Random Bit Sequence (PRBS) length. Wavelength was 1550.0 nm. At the transmitting side
the optical channels are aligned to antipodal, orthogonal linear polarization states (linear ver-
tical and horizontal). At the receiving end, after transmission through the designed emulator,
the polarization channels were demultiplexed using polarization beam splitter. This polar-
ization element was simulated by means of linear vertical and horizontal polarizer. Before
demultiplexing, the output optical power of both polarization channels was set to be identical
and maximum by means of polarization controller. The polarization controller changed the
state of polarization of the output optical signal. The polarization controller was simulated by
cascade of rotated quarter-, half- and quarter- waveplate. Figure 5 shows the eye diagrams for
signal transmitted through the designed emulator at the receiving end after demultiplexing.
We assumed the Gaussian-shaped filter at the receiver. The Gaussian shaped filter transfer
function is given by:
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Fig. 6 Statistical distribution of simulated eye opening values for 10 Gbit/s PDM transmission








where ω is angular frequency, ωg is filter bandwidth. We assumed ωg = 2π10 GHz.
The presented eye diagrams were created for four different random settings of our emu-
lator.
Figure 6 shows the eye opening values statistical distribution for 10 Gbit/s PDM trans-
mission via our PMD/PDL emulator. For comparison, Fig. 7 presents the eye opening values
statistical distribution for 10 Gbit/s non-PDM single channel transmission. The eye opening
values were calculated for 100 different random settings of our emulator.
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Fig. 8 Experimental setup for PDM transmission quality measurements; PC1, PC2, PC3 Polarization Con-
trollers, PBC Polarization Beam Combiner, PBS Polarization Beam Splitter, BER Bite Error Rate, PRBS
Pseudo Random Bit Sequence
Fig. 9 Eye diagram of demultiplexed signal for back-to-back transmission
3.2 Experimental results
In order to evaluate the effects of PMD and PDL on an optical transmission based on polar-
ization multiplexing technique an optical link was mounted as in Fig. 8. The optical signals
from the transmitters were polarized by polarization controllers (PC1 and PC2) and multi-
plexed, combined onto our PMD/PDL emulator by Polarization Beam Combiner (PBC). The
optical channels were aligned to antipodal, orthogonal linear polarization states (linear ver-
tical and horizontal). At the receiving end the optical signals were demultiplexed by means
of Polarization Beam Splitter (PBS). To optimize the transmission of polarization channels,
the output optical power of both channels was set to be identical and maximum by adjusting
polarization controller before PBS (PC3). The polarization controller PC3 was adjusted for
maximum a proper polarization channel optical power and minimum crosstalk. The polar-
ization channels were transmitted at 1550.0 nm. In described experiment 10 Gbit/s bit rate
for each polarization channel was used. The first polarization channel carried 215 − 1 PRBS
data stream, the second channel carried 230 − 1 PRBS data stream. The eye diagram for the
back to back transmission is shown in Fig. 9. In turn, Fig. 10 presents eye diagrams measured
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Fig. 10 Eye diagrams of demultiplexed PDM signals for different random settings of PMD/PDL emulator
(experimental results); d eye diagram was measured for very low optical signal
for four different random settings of our emulator. The obtained eye diagrams are similar to
numerical results. In Fig. 10a, b and c we can see the different impact of a pure PMD on
bit transmission. In turn in Fig. 10d dominates crosstalk between polarization channels. The
impact of polarization effects on PDM system quality was assessed by means of bit error
rate (BER) measurement. We realize that the birefringence in optical fibers (in our emulator)
induces an upredictable rotation to state of polarization with time. This rotation should be
continuously corrected in order to separate both polarization channels. Additionally, here no
feedback loop was available on the PC3 preceding demultiplexing PBS. For this reason the
BER measurements were performed over relatively short time periods i.e. 100 s. Figure 11
shows the BER statistical distribution for 10 Gbit/s PDM transmission via our PMD/PDL
emulator. The BER values were measured for 100 different random settings of our emulator.
The results suggest that PDM systems are very sensitive to both PMD and PDL effects. For
comparison, Fig. 12 presents the BER statistical distribution for 10 Gbit/s non-PDM sin-
gle channel transmission. The presented BER values were also measured for 100 different
random settings of our emulator. We can see that 10 Gbit/s PDM system is more sensitive
to polarization effects than 10 Gbit/s single channel system. Our results and analysis which
was presented in Nelson et al. (2001) suggest that PDM systems are a factor of five more
sensitive to PMD that non-PDM single channel transmission systems.
There are several polarization mechanisms leading to impairments in PDM systems
(van den Borne et al. 2005, 2004; Tuft et al. 2006; Nelson et al. 2000):
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Fig. 11 BER statistical distribution for 10 Gbit/s PDM transmission
Fig. 12 BER statistical distribution for 10 Gbit/s non-PDM single channel transmission
(1) The PMD and PDL effects cause inter symbol interference, similar to single channel
transmission. Combined PMD/PDL effect degrade the optical system more than either
PMD or PDL alone.
(2) Due to PMD, the pulses partly overlap and the State of Polarization (SOP) of the over-
lapping part changes with respect to the SOP of the center part of the pulses. The output
polarization controller cannot change the SOP on the bit time scale. The alignment
with the PBS is not optimal near the edge of the pulse, which results in suboptimal
demultiplexing and the introduction of coherent crosstalk. This is so called edge effect.
(3) The PDL effect impairs the orthogonality between multiplexed polarization channels.
(4) The optical fiber birefringence induces the SOP changing with time; an upredictable
SOP rotation leading to PBS misalignment.
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(5) The SOP for carrier is aligned with the axes of the PBS but the PMD effect induces
a frequency dependence of SOP. In this situation an optical signal is coupled from
polarization channel to the other as frequency deviate from the carrier.
4 Conclusion
Impact of the PMD and PDL effects on 10 Gbit/s PDM and non-PDM single channel trans-
mission system was evaluated by means of the designed PMD/PDL emulator. The results
show that PDM system transmission is very sensitive to both PMD and PDL effects. Fur-
thermore, the achieved results suggest that PDM system transmission is more sensitive to
polarization effects that non-PDM single channel system transmission. We can find infor-
mation about PDM system testing by means of PMD emulators and/or PDL emulators. But
this is not correct. The proper PDM system testing should be based on simultaneous PMD
and PDL effects generation. These effects should be generated by means of one device that
simulates the statistical nature of polarization effects of a real optical fiber link.
Open Access This article is distributed under the terms of the Creative Commons Attribution Noncommer-
cial License which permits any noncommercial use, distribution, and reproduction in any medium, provided
the original author(s) and source are credited.
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